We previously identified a novel mutant mouse strain on the C3HeB/FeJ background named Justy. This strain bears a recessive mutation in the Gon4l gene that greatly reduces expression of the encoded protein, a nuclear factor implicated in transcriptional regulation. Here, we report that Justy mutant mice aged 6 months or older spontaneously developed carcinomas with myoepithelial and basaloid differentiation in salivary glands with an incidence of B25%. Tumors developed proximate to submandibular glands and to a lesser extent in the sublingual and parotid glands. Histologically, tumors often had central cavitary lesions filled with necrotic debris that were lined by tumor cells, and had spindle and epithelioid cell differentiation with lesser basaloid to clear cell features. Tumor tissue often had variable evidence of a high mitotic rate, pleomorphism, and invasion into adjacent salivary glands. Neoplastic cells had diffuse immunoreactivity for pancytokeratin (AE1/AE3) and p63. Although CK5/6 immunostaining was seen in the much of the tumor cells, it was often lacking in pleomorphic areas. Tumor cells lacked immunoreactivity for alpha-smooth muscle actin, S100, c-Kit, and glial fibrillary acid protein. In addition, tumors had immunoreactivity for phosphorylated and total epidermal growth factor receptor, suggesting that EGFR signaling may participate in growth regulation of these tumors. These findings indicate that the salivary gland carcinomas occur spontaneously in Justy mice, and that these tumors may offer a valuable model for study of EGFR regulation. In combination, our data suggest that Justy mice warrant further investigation for use as a mouse model for human salivary gland neoplasia.
Salivary gland tumors are histologically one of the most heterogeneous group of tumors as compared with tumors in other areas of the body, which presents significant difficulties in both diagnosis and management. 1 Although malignant salivary gland tumors are rare, representing B3-5% of all head and neck cancers, these tumors can be difficult to treat, and high-grade tumors are associated with a poor prognosis. 2 Efforts to appropriately diagnose and treat salivary gland tumors have been hampered by limited knowledge of molecular biomarkers that can serve as indicators of salivary gland tumorigenesis. 3 In addition, there is a lack of mouse models for spontaneous salivary gland tumor development, which would be valuable for studying the pathogenesis and treatment of this disease.
The most well-known salivary gland tumor models are the transgenic PLAG1-overexpressing mouse model to study salivary gland pleomorphic adenoma, 4 and the Apc À / À / Pten À / À models to study acinic cell carcinoma. 5 In addition, salivary gland tumors were also identified in transgenic mice originally intended to provide models for studying mammary gland tumors. [6] [7] [8] In these strains, the mouse mammary tumor virus promoter was used to preferentially express different oncogenes in mammary glands. [6] [7] [8] Consequently, salivary gland tumors that appeared in these mice were not characterized in detail, as these tumors were not the original focus of the work undertaken. Therefore, there is a need to identify new murine models of salivary gland tumorgenesis that represent the human malignancies. Such models would accelerate progress in identifying diagnostic tools and novel treatments for human salivary gland tumors.
Here we present characterization of salivary gland tumors that arise in a mutant mouse strain named Justy. These mice carry a recessive point mutation in a phylogenetically conserved gene called Gon4l, which encodes a nuclear protein that appears to have a key role in regulating gene expression in the context of developmental pathways. [9] [10] [11] In Justy mice, expression of Gon4l protein is dramatically reduced, resulting in a profound arrest in B-cell development. We found that 25% of Justy mice spontaneously develop salivary gland tumors, suggesting that loss of Gon4l expression may be involved in salivary gland tumorigenesis in mice. We also characterized the morphological and immunomarker phenotype of these tumors, including the possible role of epidermal growth factor receptor (EGFR) signaling. Our findings suggest that the Justy mouse strain may provide a tractable model for longitudinal study of salivary gland tumorgenesis and for testing therapeutics that target salivary gland tumors.
MATERIALS AND METHODS Mice
All procedures involving mice were approved by the Institutional Animal Care and Use Committee of the University of Iowa, and conformed to guidelines established by the National Institutes of Health. Mice homozygous for the Justy mutation in Gon4l (referred to here as Justy mice) have been previously described. 9, 12, 13 Justy mice were generated in the C3HeB/FeJ (C3H) genetic background and subjected to a standard breeding scheme to isolate the relevant mutation. Afterward, the mutant strain was maintained by intercrossing Justy mice. A cohort of 55 Justy mice comprising individuals aged Z6 months was monitored up to 12 months of age for overt signs of disease. A cohort of 25 wild-type C3H mice was maintained in parallel as controls. Mice that developed cervical swelling or enlargement of the neck area were euthanized with CO 2 inhalation and subject to a complete necropsy.
Tissues
At necropsy, cervical masses in affected mice were excised en bloc with adjacent salivary glands and immersion fixed in 10% neutral-buffered formalin. Following fixation (B5 days), tissues were routinely processed, paraffin-embedded, sectioned at 4 mm, and stained with hematoxylin and eosin (HE). Markers of epithelial and mesenchymal tumor differentiation were assessed by immunohistochemistry ( Table 1 ). The scoring for the immunohistochemical staining was as follows: ''Neg'' À none; '' þ '' rare to 33% of tumor cells;
RESULTS

Gross Pathology
Individuals in a cohort of Justy mice aged Z6 months were found to sporadically develop ventrolateral cervical masses ( Figure 1 ) with an incidence of 25%. These masses were generally circumscribed, fluctuant to touch and when punctured would leak fluid contents that partially collapsed the tumor. The tumor tissue was often adherent to the adjacent salivary gland chain. Therefore, the tumor and salivary glands were prosected en bloc for fixation and study. Among the Justy mice, there was no bias in tumor development with respect to sex, and no tumors were observed in a similarly aged cohort of wild-type C3H mice.
Histopathology
The solid tumors often had central, cavitary (pseudocystic) lesions ( Figure 2a ) and were intimately associated with salivary glands, compressing and invading the adjacent salivary glands (Figure 2b and c) . The cavitary lesions were filled by cellular debris and foamy macrophages, and lined by solid tumor tissue (Figure 3a and b) . The tumors were Abbreviations: EGFR, epidermal growth factor receptor; GFAP, glial fibrillary acid protein; pEGFR, phosphorylated EGFR; SMA, smooth muscle actin.
Salivary gland tumors in Justy mutant mice AL Simons et al consistently associated with the submandibular salivary gland and to a lesser extent with the sublingual and parotid glands ( Table 2 ). HE staining showed that tumors frequently contained a mixture of spindle cells interspersed with epitheloid cells and lesser basaloid to clear cell differentiation ( Figure 3 c-f, Table 2 ). Pleomorphic foci characterized by anisokaryosis and anisocytosis with a high mitotic rate up to 5-10 mitoses/ high power 60 Â objective (Figure 3b , inset) were variably detected in all tumors.
Immunohistochemical Staining
Tumors and adjacent salivary gland tissues from five mice were stained with a variety of immunohistochemical markers, and the results obtained are summarized in Table 3 . AE1/AE3 (pancytokeratin) and p63 markers showed intense and widespread immunoreactivity in tumor cells ( Figure 4 a and b). Similarly, cytokeratin 5/6 marker was immunoreactive in the majority of tumors cells (450%), but was negative in foci that were pleomorphic ( Figure 4c ). Alpha-smooth muscle actin (SMA) was not detected in tumor cells ( Figure 4d ). Most of the tumor cells also showed immunostaining for EGFR and phosphorylated EGFR (pEGFR), although immunostaining in the pEGFR sections was less extensive ( Figure 4 e and f). Tumor cells lacked GFAP immunostaining except for rare solitary cells and were consistently negative for S100 and c-Kit immunoreactivity (Table 3 ). In normal submandibular salivary glands, alpha-SMA immunostaining was present in myoepithelial cells surrounding the epithelium of granular convoluted ducts, vessels and gland acini, but was absent in excretory ducts (Figure 5a ). In addition, p63 immunostaining was commonly seen subjacent to the excretory duct epithelium, but rarely detected around smaller convoluted ducts (Figure 5b ).
DISCUSSION
The Justy strain was originally created and discovered by subjecting male mice to chemical mutagenesis and then screening offspring for abnormalities in peripheral blood cell populations. 12, 13 Subsequent molecular analysis demonstrated that Justy mice carry a recessive point mutation within the Gon4l gene that disrupts splicing and thus the coding sequence of Gon4l mRNA, resulting in dramatically decreased levels of Gon4l protein in lymphoid cells. 9 Morever, in mice that are homozygous for the Justy mutation, B lymphopoiesis is abrogated, whereas other aspects of mouse hematopoiesis and physiology appear unaffected. 9 These data demonstrate that Gon4l has a critical role in B-lineage cells.
The results we report here strongly suggest that decreased expression of Gon4l protein facilitates spontaneous salivary gland tumorgenesis. Thus, a worthwhile goal for future studies is to determine the role of Gon4-like in salivary gland development and function, which could ultimately identify pathways that are critical in the normal tissue and may be subverted in salivary gland neoplasia. The molecular function of Gon4l is currently not well understood. However, as demonstrated in our previous studies, decreased Gon4l protein levels are associated with sustained expression of 'non-B' genes that can antagonize B-cell development and are normally downregulated at the transcriptional level during the early stages of B lymphopoiesis. 9, 14 These findings suggest that Gon4l may have a key role in mechanisms that enforce gene repression in developing B cells. In support of this idea, studies in Caenorhabditis elegans, Drosophila melanogaster, and zebrafish have provided evidence that Gon4l is important for the regulation of gene expression in developmental pathways. 10, 11, 15 We also found that the 250-kDa Gon4l protein forms complexes with the corepressor molecule Sin3a and histone deacetylase 1 (HDAC1). 14 Complexes containing Sin3a and HDAC1 are usually involved in gene repression, and abnormal recruitment or activity of these complexes has been implicated in neoplastic transformation. [16] [17] [18] [19] [20] For example, SMAD4 (MAD homolog 4) recruits and interacts with HDAC1 and Sin3a to form a complex involved in gene repression. 21 In addition, loss of SMAD4 in T cells leads to spontaneous epithelial tumors in the oral cavity and throughout the gastrointestinal tract. 22, 23 These observations suggest that dysregulation of gene expression because of decreased levels of Gon4-like protein may be a key factor in the initiation of salivary gland tumorigenesis, as it occurs in Justy mice. Although we believe that loss of Gon4l expression is responsible for salivary gland tumor development in our studies, there remains a possibility that the lack of peripheral B cells in Justy mice is a factor that contributes to tumor development. However, we have found no evidence (using a literature search) of a high incidence of salivary gland tumors in B cell-deficient mice or in C3H mice. In fact, spontaneous salivary gland tumors are quite rare in mice, with the highest incidence of 4% being observed in the BALB/C strain. 24, 25 We observed that Justy mice aged Z6 months developed salivary gland tumors at an incidence of 25%, a rate well above that reported as background incidence for any inbred mouse strain. To our knowledge, an association between congenital B-cell deficiencies in humans and increased incidence of salivary gland tumors has not been established, again suggesting that a lack of B cells is not a dominant factor for this particular tumor type. On the basis of the cellular pleomorphism, high mitotic rate, and their invasive nature, the tumors in Justy mice were diagnosed as carcinomas (Figure 2b and c) . The morphology of the tumors suggested myoepithelial origin due to the common presence of spindled and epitheloid differentiation (Figure 3c-f) . Myoepithelial differentiation would be expected to have both cytokeratins and alpha-SMA immunostaining. [26] [27] [28] However, although salivary gland tumor cells possessed immunoreactivity for cytokeratin and p63, the tumor cells lacked immunostaining for the alpha-SMA marker. The progenitor cell marker p63 is often expressed in basal cells and myoepithelial cells. [26] [27] [28] Myoepithelial cells circumferentially line the epithelium of normal salivary gland acini, and this relationship continues into the intralobular ducts. In contrast, excretory ducts lack myoepithelial cells but are preferentially lined by basal cells, which can exhibit myoepithelial cell morphology 27 (Figure 5a and b) . Given the myoepithelial differentiation found in these tumors as well as the consistent alpha-SMA-negative and p63-positive immunophenotype, these tumors would be consistent with a basal cell adenocarcinoma diagnosis having a likely origin from basal cells associated with excretory ducts.
The Justy-associated tumors did not have any resemblance to salivary duct carcinoma, given the lack of intraductal or precursor lesions in the glandular tissue surrounding the tumors. Salivary duct carcinoma is a high-grade malignancy and strongly resembles human mammary carcinoma, consisting of intraductal and invasive components and cribriform patterns in both components. The observed tumors did not show marked nuclear atypia as is uniformly seen in salivary duct carcinoma, nor did they have a cribriform growth pattern. Furthermore, HER-2-Neu staining, which is typical of salivary duct carcinoma, 29 was absent in these tumors (data not shown), again suggesting that these tumors were not salivary duct carcinomas.
The salivary gland neoplasms that develop in Justy mice mimic many of the findings seen in a subset of human basal cell adenocarcinoma with myoepithelial differentiation. 30 This similarity to their human counterparts is manifest at multiple levels, including gross pathology, histological Certain antigens associated with human basal cell adenocarcinoma, including S-100 and alpha-SMA, were not detected in our immunohistochemical analyses of tumors from Justy mice (Table 3) . However, although these antigens are often expressed in these neoplasms in humans, the literature documents that myoepithelial markers can be inconsistently expressed in these neoplasms. 28, [31] [32] [33] Justyassociated tumors show areas of high histological grade and are associated with a high mitotic rate and necrosis (Figure 3b) , characteristic of those seen in basal cell adenocarcinomas and myoepithelial carcinomas. As another correlate to human tumors, the gross findings of the Justy tumors ( Figure 1 ) are strikingly similar to myoepithelial carcinoma of the human salivary gland. Human myoepithelial carcinomas commonly show a multinodular growth pattern with cyst formation, which on histological examination is seen to be pseudocyst formation. 34 All of these features are identical to those displayed by salivary gland tumors from Justy mice.
Tumor cells from Justy mice were immunoreactive for EGFR and pEGFR (Table 3) . Expression of EGFR has been investigated as a prognosis factor in several human salivary gland tumor studies. [35] [36] [37] [38] EGFR is important for cell growth, survival, and differentiation, [39] [40] [41] and enhanced activity or overexpression is associated with tumor progression and metastasis in many epithelial tumors, especially in head and neck tumors. [42] [43] [44] Interestingly, EGFR is expressed in basal cell adenocarcinomas and its expression can be used to distinguish basal cell adenomas from basal cell adenocarcinomas. 32 Finally, several types of salivary gland tumors overexpress EGFR, and EGFR inhibitors are of interest to treat these tumors. [28] [29] [30] [31] The presence of pEGFR and EGFR expression in the tumors from Justy mice suggests that this model may be useful for studying the efficacy of EGFR inhibitors as a treatment for various forms of salivary gland cancer.
Limitations for the use of Justy mice as a salivary gland cancer mouse model are the relatively low penetrance of tumor formation and a long latency period, compared with the well-known transgenic PLAG1 and Apc À / À /Pten À / À mouse models for salivary gland tumorigenesis. 4, 5 However, the requirement for Justy mice to age before tumor onset along with the unilateral distribution actually parallels the clinical spectrum in humans, as salivary gland tumors are often unilateral and develop in the 5-6th decades of life. 45, 46 In addition, this study has revealed a novel association between Gon4l expression and mouse salivary gland tumorigenesis, which warrants further study. Here, we present a novel and feasible mouse model of salivary gland cancer that, with further investigation, may be used to study the consecutive steps involved in initiation and progression of salivary gland tumors. Existing salivary gland tumor models develop low-grade 5 or benign tumors. 4 However, in this mouse model, the loss of Gon4l expression leads to the spontaneous development of intermediategrade salivary gland tumors that resemble basal cell adenocarcinoma, suggesting that impairment of Gon4l function or expression can initiate salivary gland tumorigenesis. At this time, it is unclear whether Gon4l loss is involved in human salivary gland neoplasia; this is currently being investigated. In addition, improvements with respect to decreased latency period and increased penetrance need to be made in order for the Justy mouse to be used as a salivary gland tumor mouse model. Nevertheless, our study has revealed a previously unrecognized connection between Gon4l expression and salivary gland tumorigenesis, which may lead to new information about genes and pathways involved in human salivary gland cancer.
